Despite more than a century of biological research on the evolution and maintenance of mimetic signals, the relative frequencies of models and mimics necessary to establish and maintain Batesian mimicry in natural populations remain understudied. Here we investigate the frequencydependent dynamics of imperfect Batesian mimicry, using predation experiments involving artificial butterfly models. We use two geographically distinct populations of Adelpha butterflies that vary in their relative frequencies of a putatively defended model (Adelpha iphiclus) and Batesian mimic (Adelpha serpa). We found that in Costa Rica, where both species share similar abundances, Batesian mimicry breaks down, and predators more readily attack artificial butterfly models of the presumed mimic, A. serpa. By contrast, in Ecuador, where A. iphiclus (model) is significantly more abundant than A. serpa (mimic), both species are equally protected from predation. Our results provide compelling experimental evidence that imperfect Batesian mimicry is frequency-dependent on the relative abundance of models and mimics in natural populations, and contribute to the growing body of evidence that complex dynamics, such as seasonality or the availability of alternative prey, influence the evolution of mimetic traits.
Introduction
Batesian mimicry occurs when a palatable or undefended species (the 'mimic') resembles an unpalatable or otherwise defended species (the 'model'), and thereby gains protection from predators [1] . For over a century ecologists and evolutionary biologists have studied the dynamics of this phenomenon, with much attention paid to the evolution and maintenance of mimetic signals [2] [3] [4] . Although degree of capture cost and predator learning play substantial roles in mimicry system effectiveness [4] , arguably the most critical components to successful Batesian mimicry in a population are the relative frequency and abundance of models and mimics, and phenotypic similarity of the mimic to the model.
It has been widely predicted that predator attack rates on Batesian mimics should depend not only on the general presence of the defended model, but also on the relative (and absolute) abundances of mimics and models [4] [5] [6] [7] [8] . Brower's [9] classic in-cage experiment showed that avian predation on palatable mimetic prey (mealworms) increased as the percentage of unpalatable models available decreased, and a similar study with toad and frog predators consuming honeybee prey resulted in a decrease in mimic predation as the & 2018 The Author(s) Published by the Royal Society. All rights reserved. presence of the model increased [10] . A more recent field study by Pfennig et al. [11] found that kingsnake replicas experience greater carnivore attacks in geographical locations where their model, the coral snake, is absent, and this result is consistent across gradients ranging from sympatry to allopatry. This supports the view that mimics receive more protective benefits when they are sympatric with models, hence with protection dependent upon the physical presence of the model. Similarly, successful Batesian mimicry is also contingent upon how closely or perfectly mimics resemble models when model abundance is variable [12 -14] . However, very little experimental work in natural field settings has been undertaken to examine the effects of imperfect Batesian mimic and model abundances on local predator behaviour, especially with two parallel populations that vary in relative model : mimic frequencies.
Butterflies have long served as textbook examples of Batesian mimicry [1, [15] [16] [17] [18] , and recent work has shown that imprecise mimetic colour patterns in tropical Adelpha butterflies may result in the ability for predators to learn-and attack-palatable mimics in a given population [19] . Convergent evolution in Adelpha is widespread, and many species (such as Adelpha iphiclus and Adelpha serpa) share strikingly similar colour pattern phenotypes in sympatry [20] [21] [22] . Similar patterns in unrelated species suggest that convergence is driven by selection rather than shared ancestry (electronic supplementary material, figure S1 ). Adelpha iphiclus caterpillars feed almost exclusively on Rubiaceae hosts, which are speculated to be toxic to most herbivores based on the alkaloids known to be present in many Rubiaceae species [23 -25] . On the other hand, A. serpa caterpillars are generalists on primarily non-toxic hosts [19] , and it has been hypothesized that mimicry occurs in Adelpha between such unpalatable Rubiaceae-feeding specialists and palatable non-Rubiaceae-feeding generalists [19, 26] .
Finkbeiner et al. [19] examined predation rates on the presumed unpalatable Rubiaceae-feeding model, A. iphiclus, and its presumed non-Rubiaceae-feeding palatable mimic, A. serpa. Although both species appear nearly identical, they bear slight differences in the white spectral reflectance on the dorsal wing (electronic supplementary material, figure S2 and table S1). Avian predators readily distinguished between paper models of the two species in a Costa Rican field location, preferring to attack mimic A. serpa, whereas model A. iphiclus was avoided (as predicted if A. iphiclus are indeed unpalatable) [19] . This result, indicating that Batesian mimicry was not effective, suggested several alternative explanations for convergent wing patterns in these butterflies, including: (i) historical shifts in palatability and host plant use from a formerly Mü llerian mimetic system (where both model and mimic bear a cost), (ii) spatial/temporal variation in Adelpha toxicity, (iii) anti-predatory benefits via disruptive colouration, (iv) thermoregulatory advantages, (v) developmental constraints generating convergent expression patterns or (vi) sexual selection. Although each of these mechanisms is plausible, the strong results from Finkbeiner et al. [19] , and extensive preliminary data about relative model : mimic frequencies in the field, suggested that geographical variation in frequency-dependent Batesian mimicry dynamics [27, 28] was the most likely explanation for these paradoxical results.
To test frequency-dependent selection in mimetic Adelpha, and examine the efficacy of imprecise Batesian mimicry, we replicated our predation study using artificial butterfly prey at a second, independent field site in eastern Ecuador. As outlined below, abundance data for this location indicate that the putative, palatable mimic (A. serpa) is much less abundant relative to the presumed model (A. iphiclus) in comparison with our original field site in Costa Rica. Therefore, we hypothesized that the uncommon mimic A. serpa would be protected by the presence of common model A. iphiclus in Ecuador, in contrast to higher predation on the mimic in Costa Rica where the model is less common. Our results provide compelling experimental field evidence that imperfect Batesian mimicry is frequency-dependent upon the relative abundance of models and mimics in natural populations, and contribute to the growing body of evidence that complex dynamics underlie the evolution of mimetic traits. Predation experiments in Ecuador were carried out during January -February 2017 at the end of the dry season, and butterfly abundance data were collected during August 2014 -April 2017. A previously executed predation study in Costa Rica [19] occurred during March-April 2016, also during the end of the dry season (consistent with the same season for-and within a year of-the Ecuador predation study), and abundance data in Costa Rica were collected during March 2015 -August 2016.
Material and methods (a) Field sites

(b) Production of artificial butterflies
To measure predator responses to different butterfly phenotypes, we used artificial butterfly models in predation studies. This method has been successfully demonstrated in recent studies with butterfly prey [19,29 -35] , and allows us to generate large sample sizes of thousands of individuals. Artificial butterflies were designed and constructed following protocols in Finkbeiner et al. [19,33 -35] , where visually accurate paper wings were created by referencing spectral properties in natural butterfly wings, taken from specimens in both Ecuador and Costa Rica. Spectral reflectance measurements were taken using an Ocean Optics USB2000 fibre-optic spectrometer, with a bifurcating cable (R400-7-UV-vis Ocean Optics, Winter Park, FL) connected to a deuterium -halogen tungsten light source (Model MINIDT1000-027; Analytical Instrument Systems, Flemington, NJ). The detecting fibre was fixed at an angle of 458 to the plane of the butterfly wing, and a white spectralon standard (WS-1-SL; Labsphere, North Sutton, NH) was used during calibration. A new white standard was taken approximately every five measurements to confirm spectral consistency. Artificial butterfly models were designed showing the dorsal side of the butterfly wings, as if butterflies were resting/basking on leaftops (figure 1).
The quantum catches for stimuli [36] were calculated, and discriminability between artificial models and natural wing reflectance spectra (for both Costa Rica and Ecuador specimens and models) was determined using tetrachromatic bird-vision models from Vorobyev & Osorio [37] . The comparisons were made using the blue tit (Cyanistes caeruleus, UV-type), and chicken (Gallus gallus, violet-type) cone sensitivities (electronic supplementary material, table S1). For chicken, we used the behaviourally determined parameters of Olsson et al. [38] , namely, a Weber fraction ¼ 0.06 and relative abundances of cones
For the blue tit, we followed the work of Hart et al. [39] and used a Weber fraction ¼ 0.05 and relative abundances of cones (UV ¼ 0. 37 
High light intensity and Endler's daylight or forest shade irradiance spectra [40] were used. Comparisons were made for white reflectance spectra only, because white is considered an important mimetic feature in other butterfly mimicry systems [41, 42] , and visual inspection of the reflectance spectra did not reveal any differences between the other wing colours, orange and brown (electronic supplementary material, figures S3-S4).
Butterfly models were printed using an Epson Stylus Pro 4900 printer with UltraChrome HDR ink on Whatman qualitative filter paper (no. 1001-917). Filter paper has reflective-neutral properties, providing reflectance spectra brightness similar to brightness in actual butterfly wings [33] . Because not all reflectance properties were easily reproduced with printed colours, we enhanced some colours on artificial butterfly wings using Crayola crayons (Easton, PA) to achieve a better spectral match. Sheets of printed models were pasted onto cardstock backings with spray adhesive (Krylon Products Group, Cleveland, OH) and cut using a Brother ScanNCut machine (Brother International, Bridgewater, NJ). To provide additional durability, edges of model wings were dipped in wax, and then twist-ties were threaded through the model centre before plasticine 'abdomens' (Newplast) were added to allow detection of avian predator attacks.
(c) Mimicry predation experiments
Field predation studies were carried out to determine predation rates on two common mimetic species in Costa Rica and Ecuador: A. iphiclus (model) and A. serpa (Batesian mimic). Both species are found locally in the Costa Rica and Ecuador sites, but vary in their abundances and presumed toxicity, with A. iphiclus presumed to be the unpalatable model and A. serpa the palatable mimic. Predation was also measured on two other butterfly species during the same study, palatable Junonia evarete and novel (non-indigenous) Adelpha leucophthalma. Although we report results for all four model phenotypes used, our principle focus is on predation in A. iphiclus (model) and A. serpa (mimic) (see [19] for information on Junonia and A. leucophthalma artificial butterfly models). We constructed 500 individuals of each phenotype for each field site, totalling 1000 butterflies for the iphiclus/serpa comparison or 2000 butterflies for the overall comparisons with the four phenotypes (as in [19] ). In both Costa Rica and Ecuador, 100 forest sites were selected and separated approximately 150 -250 m apart to control for avian predator home range overlap, allowing us to sample a broad avian population in each reserve. In each forest site, five of each of the butterfly phenotypes were set in alternating order and at least 4 m apart, and approximately 1 m above the ground on appropriate foliage to resemble butterflies at rest. Butterfly models were attached onto twigs and others onto leaves, and the model phenotypes placed on twigs versus leaves were randomized.
Artificial butterfly models were exposed to predators for four days (96 h), checked daily for avian predator attacks, and then removed. If a model was attacked more than once during the four-day experimental period, or if more than one apparent attack mark was observed on the model, we counted this as only one attack in the analysis. Attacked models were replaced daily. Avian attacks were confirmed by the presence of beak imprints on the plasticine abdomen (figure 1; examples in [19,33 -35] ). Previous studies have used a four-day predator exposure time for artificial butterfly prey in the tropics [19, [29] [30] [31] [32] [33] [34] [35] , suggesting that this amount of time is enough for predators to come in contact with (and attack) the models. Any artificial butterfly models left exposed for longer periods of time risk being learned as false prey, which may affect predator behaviour and therefore skew prospects for long-term survival data; nevertheless, longer-term survival projects on butterfly mimicry systems have proved to be useful in some studies [43, 44] . Butterfly model survivorship across the four-day experimental period was analysed using a Cox proportional-hazards regression model ('survival' package in R [45] ) with post hoc Wald tests between phenotype pairs [31, 46] . Butterfly abundance data for A. iphiclus and A. serpa were collected in both our Costa Rica and Ecuador field studies prior to, during and after predation experiments. Records for both species in Costa Rica were obtained monthly from March 2015 to August 2016 (18 months), using a combination of trapping, netting, sighting/observation and larval collection on hosts. Trapping studies included checking 64 traps for five consecutive days during the first week of each month (32 fruit bait traps, 32 carrion bait traps, in both canopy and understorey); trap sites were separated by a minimum of 50 m, with understorey traps placed approximately 1.25-1.5 m above the ground and canopy traps at an average height of 22.1 + 5.4 m. Netting consisted of capturing, marking and identifying adult butterflies; sightings were noted observations of marked or unmarked individuals at perch sites; and species were identified with binoculars based on forewing orange patch characteristics and white band hue, which, in A. serpa (mimic), appears more blue-green to the human eye than A. iphiclus (model) (see electronic supplementary material, figure S2 for quantitative support). Collected larvae were reared to adults and species confirmed upon eclosure. Ultimately, we excluded information regarding larval records because this was not directly indicative of adult abundance.
Data on abundance of A. iphiclus and A. serpa in Ecuador were recorded monthly from August 2014 to April 2017. Ecuador trapping methods were identical to Costa Rica, with a total of 64 traps at the field location (32 fruit bait, 32 carrion bait, divided into both understorey and canopy at 0.7 + 0.13 m and 17.8 + 4 m high, respectively). We report only trapping results for the 22 months surrounding the experimental predation study (electronic supplementary material, table S2b). Hand-collected specimens were also documented in this same field site, but well before the predation study during July-October 2015. Although trapping studies overlapped temporally with predation experiments, we set artificial butterfly models in different locations of the reserve as the traps to avoid any disruption the traps may have on the local adult butterfly and bird communities during predation studies. To compare reported abundances between A. serpa and A. iphiclus in Costa Rica, as well as separately in Ecuador, we performed a two-tailed Wilcoxon signed-rank test with continuity correction in R [45] for each pair.
Results (a) Predation on locally convergent phenotypes
Our initial predation experiment in Costa Rica [19] tested rates of avian predator attack on four different butterfly phenotypes, with attention paid to attacks on presumed unpalatable A. iphiclus (model) and convergent presumed palatable A. serpa (mimic). In total, 189 combined avian attacks were recorded on the 2000 total models (500 of each phenotype), among the 100 selected forest sites (table 1) . We recorded 30 attacks on A. iphiclus (6.0% attacked) and 56 attacks on A. serpa (11.2% attacked), as well as 52 attacks on Junonia (10.4% attacked) and 51 on A. leucophthalma (10.2% attacked), whose comparisons are described and discussed in detail in [19] . figure 2a) .
The parallel study in Ecuador recorded a total of 56 combined avian attacks across all four model phenotypes, with 10 attacks on model A. iphiclus (2.0% attacked), 9 attacks on mimic A. serpa (1.8% attacked), 17 attacks on Junonia (3.4% attacked) and 20 attacks on A. leucophthalma (4.0% attacked; table 1). Results showed non-significant differences in survivorship between A. iphiclus and A. serpa (Cox proportional-hazards regression model, Wald ¼ 0.06, d.f. ¼ 1, p ¼ 0.801; figure 2b), suggesting that they are attacked at equal rates by avian predators. In general, the proportion of attacks on A. iphiclus (model) relative to all other models at both sites is similar (18% Ecuador versus 16% Costa Rica), whereas A. serpa (mimic) is attacked at nearly twice the rate of A. iphiclus (16% versus 30%) in Costa Rica but is treated virtually identically by avian predators in Ecuador. Although low statistical power could be responsible for non-significance in attack rates between A. iphiclus and A. serpa in Ecuador, similarities in the proportion of attacks for model A. iphiclus and palatable control Junonia in both field locations lead us to conclude that statistical power does not influence the outcome of our results. Note that here we limit our presentation about rates of predation on the control (Junonia) and novel (A. leucophthalma) species, when present at equal abundances to the model A. iphiclus and mimic A. serpa, because they have previously been discussed in [19] .
(b) Variation in butterfly abundances between field locations
Adult A. iphiclus and A. serpa abundance records at both field locations are presented in rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172786 completed in Costa Rica (March-April 2016), there were three total adult records of A. serpa but no adult records of A. iphiclus, and in the months leading to this experiment (January-March 2016) only one adult A. iphiclus was recorded, whereas a total of 12 A. serpa adults were recorded (including the three individuals noted in March 2016). Records for May through August showed a spike in A. iphiclus (model) abundance (electronic supplementary material, table S2a), but during our experimental period A. serpa (mimic) had a higher abundance in this field location.
In Ecuador, we recorded 69 adult A. iphiclus (model) and only one adult A. serpa (mimic) from trapping studies during July 2015-April 2017 (five of these 69 A. iphiclus reports were recaptures). Hand-collected records (netting) during JulyOctober 2015 report 15 A. iphiclus (one recapture), while no A. serpa were collected. Combining both trapping and netting records, we found a strong statistical difference between the abundances of A. iphiclus and A. serpa at the Ecuador study site (Wilcoxon signed-rank test, V ¼ 136.0, d.f. ¼ 42, p ¼ 0.00047; electronic supplementary material, table S2b) where A. iphiclus (model) is highly abundant and A. serpa (mimic) is not. During the predation experiments (January-February 2017), five adult A. iphiclus, but no A. serpa, were recorded. Trapping data suggest A. iphiclus were much more abundant during the six months preceding our predation experiment, indicating possible seasonality and implying that avian predators probably encountered the model prior to our predation experiments.
Discussion
Here we assessed survivorship on two phenotypically convergent butterfly species with slightly imperfect mimetic colour patterns, and with presumed differences in palatability (one toxic and the other non-toxic), in two different geographical locations with variable species abundance. We found that in Costa Rica, where the local abundances of A. iphiclus (toxic model) and A. serpa (non-toxic mimic) are similar, avian predators avoided A. iphiclus and attacked A. serpa. However, in Ecuador, where the putative mimic A. serpa is significantly less abundant than A. iphiclus, both species were equally avoided. Contrary to results in the Costa Rica location [19] , and in support of our hypothesis for frequency-dependent mimicry, the results from Ecuador indicate that A. serpa gains protection from predators by sharing a convergent phenotype with the highly abundant, and presumably toxic model, A. iphiclus. We interpret this result as evidence for geographical variation in the frequency-dependent dynamics of imperfect mimicry.
Indeed, our abundance data show that in our Ecuador location, A. iphiclus (model) were 84 times more abundant than A. serpa (mimic), and in Costa Rica A. iphiclus were only approximately 1.6 times more abundant, using adult data (electronic supplementary material, table S2a). Checa et al. [47] found an even more extreme difference between A. iphiclus and A. serpa abundances at this same Ecuador field location in 2002-2003 (using similar trapping techniques), where 322 A. iphiclus were reported and only one A. serpa over the course of 13 months. Although our abundance records show mimic A. serpa as present in both Ecuador and Costa Rica, it appears A. serpa is rarely attracted to bait traps at either field site. Therefore, although we acknowledge the potential bias in Ecuador by relying on trapping data in the year prior to our predation study, abundance estimates from hand-collecting efforts during July-October 2015 at this same field site are consistent with the trapping data. Overall, our data show a strong correlation between butterfly abundances in the field and avian attacks on models. Below we consider our results in light of prior work on frequency-dependent selection and imperfect mimicry, with the caveat that replicating this study in other locations would be useful, and that other sources of variation, such as predator community differences, seasonal variation or ecological correlates may be relevant.
(a) Frequency-dependent selection and the evolution of imperfect Batesian mimicry
Many theoretical models of Batesian mimicry make the intuitive prediction that predator attack rate on palatable mimics should increase as the ratio of mimics-to-models increases (models summarized in [4] ). Generally, Batesian mimicry is expected to be ineffective when palatable mimics are more common than unpalatable models. However, our results suggest that a relative frequency of 38% ( palatable mimics : models in Costa Rica) is sufficient to allow avian predators to learn to discriminate between the two species, thus causing rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172786 a breakdown in Batesian mimicry. This is contrary to work done by Brower [9] that showed a much higher frequency of mimics (60%) still allowed mimic protection from predators. Mimetic species tend to co-occur with their models [1] , and previous studies have provided strong evidence that the absence of an unpalatable model [11] dissolves most protection benefits for a palatable mimic, except in instances when mimics are exposed to migratory predators that have previously encountered the model [48 -50] . Our results suggest that even with a relatively high abundance of the unpalatable model, any protection extended to mimics is, at best, weak.
The consequences of the putative mimic (A. serpa) not having wing patterns that perfectly resemble the model add to the complexity of frequency-dependent selection in this system. We conclude that A. serpa is an imperfect mimic of A. iphiclus given the quantitative spectral differences in the white wing patches (electronic supplementary material, table S1) [19] . Imperfect Batesian mimicry is widespread [51] , but imperfect mimicry is often successful because mimetic prey may be under no further selection to improve phenotypic similarity to the model [52, 53] . This may be the case in Ecuador, where the spectral differences (in the form of JNDs) between wing white patches in A. serpa (mimic) and A. iphiclus (model) are higher than in Costa Rica (electronic supplementary material, table S1). Prior work on damselflies and snake-mimicry complexes supports this idea, and suggests that phenotypic similarity to the model is frequency-dependent, with mimics more closely resembling the model when the mimic-to-model ratio is high [12 -14] .
Brower [9] suggested that imperfect mimicry may arise as a consequence of a 'breakdown' in mimicry, as we described above for Adelpha based on model : mimic ratios. Alternatively, imperfect mimicry might reflect (i) artefacts of human perception not shared by natural signal receivers, (ii) genetic or developmental constraints, which (temporarily) limit a response to selection, (iii) relaxed selection, where imperfect mimics are as fit as perfect mimics (as suggested by our results), or (iv) an (at least locally) adaptive peak [54] . In addition, other factors such as sexual selection or kin selection may contribute to imperfect signals [5, 55, 56] , and imperfect mimicry could be maintained in certain geographical areas due to gene flow [57] . Imperfect, but successful, Batesian mimicry, as we observe in Ecuador, might also be correlated with mimic profitability [58] , model abundance and unprofitability [59, 60] , or the availability of alternative prey (discussed below, [61] ). Many studies, however, have found results consistent with predictions of relaxed selection, which seems the most likely explanation for imperfect mimicry in Ecuadorian Adelpha.
(b) Influence of prey availability and seasonality on predator behaviour
In addition to frequency-dependent dynamics and relative mimetic perfection, other important factors may contribute to a predator's decision to attack mimetic prey in a given geographical location. For example, the presence of alternative palatable prey can affect predator decision-making in both Batesian and Mü llerian mimicry systems [7, [61] [62] [63] [64] [65] [66] [67] [68] , and arthropod abundance and richness can vary depending on the season in the tropics [69] . Predators living in the presence of a superabundance of food may avoid relatively distasteful prey altogether [70] , while they may choose to forage on weakly distasteful prey in times of energetic need [4, 71] . Lindström et al. [61] showed that when alternative prey were scarce, imperfect Batesian mimics were selected out of the population, whereas abundantly available alternative prey relaxed selection against imperfect mimics. In Ecuador, where mimicry between A. iphiclus and A. serpa is effective, the overall butterfly predation rate was quite low compared to Costa Rica. This suggests that relaxed selection against imperfect mimics could potentially reflect the abundance of alternative edible prey options (e.g. orthopterans, spiders and other arthropods including butterflies) available to insectivorous predators. However, the differences in our predation rates could also be due to variation in bird communities themselves, which may be at lower densities in the Amazon [72] . Seasonality (co-occurrence) of model versus mimic can also be a significant component affecting a predator's decision to attack certain prey, which is connected to predator learning and exposure (see also [73] ). Our abundance data in Costa Rica indicate seasonality of both A. serpa and A. iphiclus. Thus, seasonal variation in the relative abundance of A. serpa (mimic) might favour efforts by predators to distinguish between the two convergent species. On the other hand, many avian predators have long lifespans that exceed the average adult butterfly lifetime, and observations suggest vertebrate predators may remember unpleasant experiences with unpalatable prey for over a year [74, 75] . Therefore, it would be useful to repeat our study at the Costa Rica field site when A. iphiclus (model) are relatively more abundant to test whether both species are equally avoided.
(c) Palatabiltiy versus profitabilty
A final crucial element to consider with respect to the evolution of imperfect Batesian mimics under variable model : mimic frequencies is how model capture cost varies in relation to its distastefulness [4, 59] (but see also [76] ). Theory predicts that predators are more likely to avoid prey that resemble an unprofitable model species when the cost Table 2 . Observed adult abundance records of A. iphiclus (model) and A. serpa (mimic) at two field locations: Costa Rica (18- of pursuing that species is very high. It is possible Adelpha might be relatively palatable, but unprofitable to pursue given capture costs. Even though the degree of adult capture cost for Adelpha is not well documented, it has previously been suggested that Adelpha might gain anti-predator protection via their rapid escape ability and unpredictable flight patterns [21, 55, 77] . In this case, it is not clear whether A. serpa (mimic) is less difficult to capture than A. iphiclus (model) (S. Finkbeiner 2016, personal observations), and literature [21] suggests that there are certain behavioural similarities between A. serpa and A. iphiclus. For example, males of both species share similar flight patterns and territorial perching tendencies [21] (S. Finkbeiner 2016, personal observations).
It seems far more likely that palatability varies between these two species, which might influence capture costs. Host plant breadth is extensive among Adelpha, and it has previously been hypothesized that Rubiaceae-feeding species are unpalatable, based on the alkaloids present in many species of Rubiaceae [23 -25] , and serve as models for species feeding on other plant families. In our Costa Rica field location, larval host plant records for both A. iphiclus and A. serpa follow this pattern where A. iphiclus (model) immatures have been found feeding on Rubiaceae plants, and A. serpa (mimic) on Melastomataceae and Malvaceae (C. Rush and R. Hill 2016, personal observations). Although there is indirect evidence that A. iphiclus may indeed possess toxins initially obtained from host plants [20] , laboratory experiments analysing and identifying these toxins and their concentrations in adults have yet to be undertaken, and it is unclear whether adult toxicity and host preference varies from location to location (e.g. [78] ). Therefore, additional information about the specific toxicity and capture costs of Adelpha could help clarify mimicry dynamics in this system.
Conclusion
A multitude of factors contribute to an avian predator's decision to avoid, or attack, a butterfly that phenotypically resembles an unprofitable species. Successful Batesian mimicry, even if imperfect, is dependent upon the relative frequencies of unpalatable models and palatable mimics.
Our results using two different geographical locations demonstrate that when the model is significantly more abundant than the mimic, imperfect Batesian mimics are protected by resembling the model phenotype, whereas this protection breaks down as mimics become more common. Our results illustrate how imperfect or imprecise mimicry in populations with variable model : mimic ratios affects selection on Batesian mimics, adding to our understanding of the complex dynamics fuelling selection on mimetic phenotypes in animals. In Adelpha, where convergence is widespread, such frequency-dependent dynamics may drive divergence among geographically distinct populations, and therefore may contribute to the rapid diversification observed in this group [20, 22] .
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